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(57) ABSTRACT 

A method of improving performance of a dual Vt integrated 
circuit is disclosed in Which a ?rst value is calculated for 
each transistor of the integrated circuit that has a ?rst 
threshold voltage level. The ?rst value is based at least in 
part on delay and leakage of the circuit calculated as if the 
corresponding transistor had a second threshold voltage 
level. One transistor is then selected based on the ?rst 
values. The threshold voltage of the selected transistor is 
then set to the second threshold voltage level. The area of at 
least one transistor Within the circuit is modi?ed, and the 
circuit is then sized to a predetermined area. The process 
may then be repeated if the circuit performance fails to meet 
a de?ned constraint. In one embodiment, the performance 
determination includes calculating the leakage current of a 
set of DC-connected components into Which the circuit is 
partitioned, determining dominant logic states for each of 
the components, estimating the leakage of each of these 
dominant logic states, and summing the Weighted averages 
of these dominant components based on state probabilities. 

43 Claims, 5 Drawing Sheets 
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METHODS FOR ANALYZING INTEGRATED 
CIRCUITS AND APPARATUS THEREFOR 

FIELD OF THE INVENTION 

The present invention is related to the ?eld of integrated 
circuit design and more particularly to methods for analyZ 
ing integrated circuits. 

RELATED ART 

Increasing demand for portable and other Wireless devices 
has created a greater need for circuits With very loW stand-by 
leakage current. Typically, loWer poWer is achieved through 
the use of loWer supply voltages. Due to this loWer supply 
voltage, poWer conscious designers have begun to utiliZe 
dual threshold voltage (V t) transistor designs. In a dual Vt 
circuit, transistors can have either a high or loW threshold 
voltage characteristic. LoW Vt devices have approximately 
tWice the sWitching speed of high Vt devices, but they 
contribute a leakage poWer that is several orders of magni 
tude higher along With a slightly higher capacitance. In order 
to meet both the leakage and performance requirements of 
portable devices, a mixture of loW and high Vt devices can 
be used. Unfortunately, conventional design methodologies 
cannot provide a method for determining Which of the 
transistors in an integrated circuit Will be designed as loW Vt 
devices and Which Will be designed as high Vt devices. It is 
highly desirable to implement a method for automatically 
selecting an optimal Vt mixture such that all design con 
straints are met. 

Another issue in designing a circuit for portable devices 
and in performing leakage current optimiZation is ef?ciently 
determining an accurate leakage current of the circuit. 
Leakage current analysis is complicated due to the highly 
non-linear behavior of the drain current of a device With 
respect to source/drain voltages. Several simple models for 
subthreshold operation have been in use, but they do not 
provide good accuracy. Also, SPICE-like simulation using 
non-linear models can be used to obtain leakage current 
estimates, but it is very computationally expensive, and 
becomes infeasible for evaluation of large circuits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by Way of example 
and not limitation in the accompanying ?gures, in Which like 
references indicate similar elements, and in Which: 

FIG. 1 is a How diagram of a method for selecting 
threshold voltages for transistors Within an integrated cir 
cuit; 

FIGS. 2A and 2B illustrate total area and total leakage as 
a function of delay for an integrated circuit implemented 
With varying ratios of loW threshold transistors to high 
threshold voltage transistors, according to embodiments of 
the present invention; 

FIG. 3 is a How diagram illustrating a method of calcu 
lating the average leakage current of an integrated circuit 
according to one embodiment of the invention; 

FIG. 4 is a How diagram illustrating a method of deter 
mining the dominant logic states of a portion of an integrated 
circuit according to one embodiment of the invention; 

FIGS. 5A and 5B illustrate a three input NAND gate and 
a graphical representation of the NAND gate; 

FIG. 5C is a table indicating leakage current and the 
transistors that have leakage current for each of the possible 
states of the NAND gate of FIGS. 5A and 5B; 
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2 
FIG. 6 is a circuit diagram of a DC-connected component 

(DCC) of an integrated circuit; 
FIGS. 7A, 7B, 7C, and 7D are successive graphical 

representations illustrating a method for determining a 
dominant logic state of the DCC of FIG. 6; 

FIG. 8 is a How diagram of a method for calculating the 
leakage current of a dominant logic state of a DCC. 

Skilled artisans appreciate that elements in the ?gures are 
illustrated for simplicity and clarity and have not necessarily 
been draWn to scale. For example, the dimensions of some 
of the elements in the ?gures may be exaggerated relative to 
other elements to help improve the understanding of the 
embodiments of the present invention. 

DETAILED DESCRIPTION 

Generally speaking, embodiments of the present inven 
tion contemplate methods of improving integrated circuit 
performance. More speci?cally, performance is improved in 
one embodiment of the invention by optimiZing the mix and 
siZe of transistors having a ?rst threshold voltage (Vt) and 
transistors having a second Vt in an integrated circuit fab 
ricated With a dual Vt fabrication process. (For purposes of 
this invention, a dual Vt process refers to a process that 
produces dual n-channel Vt’s as Well as dual p-channel Vt’ s). 
In some embodiments of the invention, one or more of the 
methods described beloW may be implemented as computer 
softWare in Which computer executable instructions are 
encoded on a computer readable medium. Typically, the 
computer readable medium is a storage device or memory 
facility such as a ?oppy diskette, CD-ROM, DVD, hard 
diskette, or a ROM or RAM device. 

Referring to FIG. 1, a method 100 of improving the 
performance of an integrated circuit according to one 
embodiment of the invention is illustrated. In the depicted 
method, it is assumed that a circuit model, such as a 
hardWare description language (HDL) model, exists for the 
circuit under consideration. In the existing circuit model, 
some of the transistors may be high Vt transistors and others 
may be loW Vt transistors. In one embodiment, high Vt 
transistors may refer to those having a Vt of approximately 
0.48 Volts, While loW Vt transistors may refer to those having 
a Vt of approximately 0.33 Volts. Alternate embodiments 
may use different Vt values Where a high Vt refers to a Vt that 
is high relative to the loW Vt. 
The performance of the circuit is determined in block 102 

using any of a variety of simulation or analysis tools. 
Typically, performance is characterized by one or more 
metrics such as the speed at Which the integrated circuit 
operates and the standby currents of the circuit. The deter 
mined performance is then compared to a set of predeter 
mined constraints in block 104. These performance con 
straints may include maximum die siZe constraints, 
maximum delay constraints, and maximum standby current 
constraints. If the constraints are met, no additional modi 
?cations or re?nements of the circuit are required and the 
method is terminated. If one or more constraints are not met, 
hoWever, the optimiZation How is continued. 
The embodiments described herein can also be applied to 

the circuit Where the constraints are already met. In such 
case, the performance is further improved and the optimi 
Zation ?oW terminates When no more improvement can be 
obtained for the circuit. 

After the performance of the circuit model is determined, 
an iterative process is initiated in Which at least one tran 
sistor in the circuit model is selected and modi?ed from a 
transistor With the ?rst Vt to a transistor With the second Vt. 
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In one embodiment, for example, the initial circuit is imple 
mented With a total area (sum of all transistor Widths) equal 
to a predetermined area constraint, assuming all transistors 
are fabricated as high Vt transistors. In this example, at least 
one of the high Vt transistors Would be changed to a loW Vt 
transistor. After altering the Vt of one or more of the 
transistors, a value is calculated. The value is typically based 
at least in part on circuit delay (speed) and leakage (standby 
current) obtained With the modi?ed circuit (i.e., the circuit 
containing the one or more loW Vt transistors). 

For the embodiment depicted in FIG. 1, the calculated 
value (as shoWn in block 106) indicates the ratio of change 
in delay (AT) to the change in circuit leakage (AI) obtained 
by loWering the Vt of a particular transistor in the circuit 
model. Arelatively high ratio Would indicate that a relatively 
large decrease in delay Was obtained for a relatively modest 
increase in leakage. Block 106 may be repeated for each 
transistor in the circuit model (or subset of the circuit 
model), thereby resulting in the generation of a set of values. 
Each value indicates the cost/bene?t ratio of implementing 
a corresponding transistor in the circuit model as a loW Vt 
transistor (Where the cost of a loWer Vt is increased leakage 
current and the bene?t is reduced circuit delay). In block 
108, the set of values generated in block 106 is used to select 
the transistor (or transistors) that provides the best cost/ 
bene?t ratio (e.g., the transistor With the largest AT/AI ratio). 
The Vt of the selected transistor is then set in the circuit 
model to the second (loWer) Vt level. 

After the Vt of a selected transistor is set to the second Vt 
level in block 108, the depicted embodiment of method 100 
resiZes one or more transistors affected by the Vt shift of the 
selected transistor. Obtaining maximum tradeolf betWeen 
speed and leakage of a design requires simultaneous adjust 
ment of device siZes and threshold voltages. If, in a Well 
balanced circuit, the Vt of a transistor on the critical path is 
loWered While keeping the transistor siZes ?xed, the path 
Will become unduly fast, thereby making the siZe sub 
optimal. In addition, the gate capacitance of a transistor 
increases by approximately 8410% as its Vt is loWered from 
0.48 V to 0.33 V, thereby sloWing other paths passing 
through this transistor’ s gate node. Setting a transistor to loW 
Vt Without subsequently adjusting transistor siZes in the 
circuit can actually degrade the performance of the circuit 
While increasing leakage. 

Optimization of transistor siZing folloWing a Vt modi? 
cation in one embodiment of the invention includes deter 
mining (in block 110) the transistors Within a “cone of 
in?uence” of the selected transistor (the transistor Whose Vt 
Was altered in block 108). The cone of in?uence of a selected 
transistor may include all transistors Within a speci?ed 
number of stages of the selected transistor. If, for example, 
it is theoriZed that loWering the Vt of a selected transistor has 
a negligible effect on transistors that are more than four 
stages removed from the selected transistor, the cone of 
in?uence is four stages. Under this assumption, all transis 
tors Within four stages of the selected transistor are Within 
the selected transistor’s cone of in?uence. Typically, the 
depth of the cone of in?uence (i.e., the number of stages in 
the cone of in?uence) is a function of the change in threshold 
voltage and is typically less than or equal to four stages. 
After determining the transistors included Within a selected 
transistor’s cone of in?uence, the area of these transistors 
may then be reduced in block 112. A linear reduction 
gradient or other suitable tool may be employed to reduce 
the area of transistors in a given cone of in?uence in an 
automated fashion. 
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4 
Alternate embodiments may use other methods for select 

ing transistors Within the circuit to be reduced. For example, 
methods other than de?ning a cone of in?uence may be used 
to determine those transistors affected by the Vt-loWering of 
the selected transistor. Therefore, alternate methods may 
de?ne larger or smaller regions of transistors that are 
affected, depending on the performance needs of the circuit. 

Following the area reduction achieved in block 112, the 
circuit (as a Whole) is then resiZed in block 114 to redis 
tribute the area saved by the area reduction of block 112 in 
order to decrease the Worst case delay in the circuit. In an 
embodiment in Which the circuit must conform to a prede 
termined area, the re-siZing of the circuit in block 114 
restores the circuit to the previous area (i.e., the area of the 
device prior to block 112). In an embodiment Where there is 
not a predetermined total area constraint, the resiZing of 
block 114 may restore the area of the circuit to the previous 
area plus an additional amount speci?ed by the user to 
achieve even more improved performance and further bal 
ance path delays in the circuit. The resiZing of block 114 
may be implemented With a delay/ area sensitivity based siZe 
optimiZation tool that balances the delays of all timing paths 
thereby minimiZing total circuit area for a given perfor 
mance. While these tools typically focus initially on only 
obviously undersiZed devices that were affected during the 
reduction in block 112, all devices in the integrated circuit 
are candidates for resiZing and thus, excess area is distrib 
uted across all critical timing paths. 

Following the area redistribution in block 114, the per 
formance of the circuit is again determined in block 102. The 
optimiZation iteration continues until the performance con 
straints are met. 

In one embodiment, the total area of the integrated circuit 
is predetermined and the circuit siZing in block 114 restores 
the area of the circuit to this predetermined area. In this 
manner, the integrated circuit area remains constant as the 
performance is improved through threshold voltage loWer 
ing on selected transistors. This approach to performance 
improvement is graphically illustrated in FIG. 2A, Which 
plots the total area as a function of delay. The right most 
point of the plotted line represents the initial circuit model 
implemented With all transistors having the ?rst (high) Vt. At 
each iteration, a transistor is selected for Vt loWering (block 
108), thereby decreasing circuit delay While the circuit area 
remains unchanged. After reducing the Vt of a selected 
transistor, the resiZing process includes initially decreasing 
the siZe of transistors (block 112) Within the selected tran 
sistor’s cone of in?uence (thereby resulting in a decrease in 
the total circuit area) and thereafter redistributing this area to 
further improve device performance (block 114) While 
increasing the circuit area. FIG. 2B illustrates the change in 
leakage as the circuit model is modi?ed from an all high Vt 
device model to an all loW Vt device model. This plot 
illustrates that the Vt loWering (block 108) increases the 
leakage current and reduces circuit delay While the resiZing 
of area folloWing Vt loWering, by decreasing the siZes of 
transistors Within the selected transistor’s cone of in?uence 
(block 112) and redistributing the area (block 114), usually 
has negligible net effect on the leakage but further reduces 
the circuit delay. The leakage is initially decreased after 
transistors in the cone of in?uence are shrunk, but the 
leakage increases again as the area saved by shrinking the 
transistors Within the cone of in?uence is redistributed 
throughout the remainder of the circuit. 

In one embodiment, calculating the ratio of the change in 
circuit delay to change in circuit leakage is optimiZed With 
an improved method of estimating leakage current of a given 
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circuit model. Broadly speaking, this improved method of 
estimating leakage current includes: partitioning an inte 
grated circuit into one or more units referred to herein as 

DC-connected components (DCC’s); determining the domi 
nant logic states (DLS’s), as described in greater detail 
beloW, corresponding to each of the DCC’s; calculating a 
leakage current for each of the dominant logic states; and 
calculating a DCC average leakage current by summing the 
various DLS leakage currents in a Weighted fashion that 
takes the probability of each DLS into consideration. 

This method takes advantage of the reality that leakage of 
a gate varies signi?cantly depending upon the gate’s state. 
Because transistor leakage current is non-linearly dependent 
upon the drain-to-source voltage Vds, states in Which more 
than one OFF transistor forms a path from Vdd to ground 
(i.e., Vdd is shared across tWo or more OFF transistors) are 
far less leaky than states in Which one (or more) OFF 
transistors each shunt the full poWer supply voltage. These 
latter states are referred to herein as DLS’s. Thus, a DLS 
refers to a state in Which one or more transistors Within an 

integrated circuit see a drain-to-source voltage of the ?rst 
poWer supply When the transistor is off. The set of DLS’s is 
usually small compared With the set of all possible states for 
a circuit of any signi?cance. Referring to FIGS. 5A and 5B, 
alternative representations of a simple circuit are depicted. 
In FIG. 5B, a graphical representation of the circuit of FIG. 
5A is generated by replacing the source/drain path of each 
transistor With an edge and eliminating the gate nodes. This 
representation is effective in emphasiZing the current paths 
for subthreshold leakage. FIG. 5C presents a table of the 
leakage for each of the possible states of the circuit and the 
transistors across Which leakage occurs in each state (i.e., the 
OFF transistors for Which Vds>0). Inspection of FIG. 5C 
reveals that the signi?cant majority of leakage current is 
attributable to states 011, 101, 110, and 111. In each ofthese 
states, Vds for at least one OFF transistor is (approximately) 
equal to Vdd. Thus, these states form the set of DLS’s for 
this simple circuit. In the case of the 111 state, note that three 
OFF transistors (P1, P2, and P3) have a Vds of approxi 
mately Vdd thereby making this state the most dominant of 
the DLS’s. FIG. 5C illustrates that the average leakage 
current of a circuit is dominated by the leakage current of the 
DLS’s. Thus, an accurate estimate of the circuit’s average 
leakage can be obtained by considering a subset of the 
circuit’s possible states rather than attempting to estimate 
leakage for every possible state. 

Turning noW to FIG. 3, a How diagram illustrating a 
method 300 for estimating the leakage current of an inte 
grated circuit is presented. In the depicted embodiment, the 
integrated circuit is initially partitioned into one or more 
DC-connected components (DCC’s) as shoWn in block 302. 
A DCC is a component having a set of transistors coupled 
through a source or drain node from a poWer supply node. 
Each DCC is typically coupled to at least one poWer supply 
such as Vdd and is still more typically coupled to a second 
supply level such as ground (V ss or GND). 

After partitioning the circuit model into a set of DCC’s, 
probabilities may be assigned to each of the circuit model 
inputs. These input probabilities are then propagated (block 
304) to calculate probabilities for the DCC inputs. From 
these probabilities, the probability that a particular DCC is 
in a particular state can be calculated. HoWever, alternate 
embodiments may choose not to assign these probabilities. 
For example, alternate embodiments may assume each state 
has a same probability. In this case, block 304 Would be 
removed from How 300. 
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6 
Each DCC is then analyZed to determine its DLS’s in 

block 306 (as described in greater detail beloW). For each 
DLS discovered in block 306, the leakage current for that 
DLS is calculated in block 308. The DCC average leakage 
current is then calculated in block 310 by Weighing each of 
the calculated DLS leakage currents by the probability that 
the DCC Will be in that DLS. (If no probabilities Were 
calculated, block 310 could simply calculate the average 
DCC leakage current Without regards to the state probabili 
ties or under the assumption that the state probabilites are all 
the same.) The average leakage current for the circuit is then 
determined in block 312 by summing the calculated average 
current for each of the DCC’s. By selectively evaluating 
only those states that contribute most signi?cantly to the 
leakage current, method 300 reduces the time required to 
calculate leakage current for a circuit Without substantially 
reducing the accuracy or reliability of the estimate. 

Turning noW to FIG. 4, a How diagram illustrating a 
method 306 for determining a DLS of an integrated circuit 
according to one embodiment of the invention is presented. 
In the depicted embodiment, a DCC of the circuit is repre 
sented in a simpli?ed fashion. Referring also to FIGS. 6 and 
7A, an exemplary circuit diagram and the corresponding 
simpli?ed representation suitable for determining DLS’s are 
presented for purposes of illustrating method 306. The 
circuit representation (FIG. 7A) is used to determine a set of 
partition pairs S I, T, for 1:0 to N-l and N represents the 
number of minimum partitions into Which the circuit can be 
divided. A minimum partition, as used herein, refers to a 
partition of the circuit in Which the circuit includes tWo 
connected components, one of Which contains a ?rst poWer 
supply node and the other of Which contains a second poWer 
supply node. In one embodiment, the ?rst poWer supply 
node may be the Vdd node, While the second poWer supply 
node may be the ground node. 
The initial partition pair (S0, T0) may be de?ned as the 

partition in Which S0 contains the Vdd node only and T0 
contains all other nodes (including the ground node). This 
initial partition pair is constructed in block 402 and is 
indicated in FIG. 7A by the notation S:{VDD}. This 
notation indicates that the set of minimum partition pairs 
includes a partition pair in Which the S partition (the ?rst 
partition) includes the Vdd node only. By de?nition of a 
minimum partition, the T partition (the second partition) 
contains all nodes not contained in the S partition. The set of 
minimum partitions is created (block 404) by iteratively 
moving nodes from the initial T partition to the S partition. 
Note that not all node groupings result in a minimum 
partition. The node pairing {Vdd, Y} for example is not 
included in the set S of partitions that produce minimum 
partitions of the circuit because isolating nodes Vdd and Y 
Would require dividing the circuit into three partitions (i.e., 
{Vdd, Y}, {X}, and {Z, GND}). FIG. 7A illustrates that the 
set of minimum partitions is de?ned by the set of ?rst 
partitions S Where the elements of S are {Vdd}, {Vdd, X}, 
{Vdd, X, Y}, and {Vdd, X, Y, Z}. Thus, there are four 
minimum partitions of the circuit represented in FIG. 7A. 
Each partition in the set of minimum partitions is a candidate 
as a dominant logic state (DLS). 
To determine if a minimum partition quali?es as a DLS, 

a partial state is created (block 406) for the partition pair. 
The partial state represents the states of the inputs required 
to form the partition. By Way of example, the partition pair 
of S:{Vdd, X, Y} T:{Z, GND} is formed by removing 
from the FIG. 7A circuit representation the edge correspond 
ing to the N1 transistor. Removing an edge from the circuit 
representation means turning OFF the transistor correspond 
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ing to the edge. Since transistor N1 is an NMOS device and 
the gate of N1 is connected to node A (as seen in FIG. 6), the 
partial state for this particular minimum partition is A:0. 
Having determined a partial state for the circuit, a graph of 
the DCC is constructed in block 408. Continuing with the 
example under consideration, the graph is then reduced (if 
possible) in block 410 by removing edges or merging nodes 
according to known inputs from the partial state. 

In one embodiment, reducing the graph in block 410 
includes merging two nodes if the nodes are connected by an 
edge whose corresponding transistor is logically ON when 
the partial state is asserted and if the corresponding transis 
tor is of the correct type. For the S partition (the partition 
containing the Vdd node), PMOS devices are of the correct 
type. For the T partition (the partition containing the GND 
node), NMOS devices are of the correct type. In the present 
example, the partial state of A:0 will turn ON transistor P1. 
Since P1 is a PMOS device in the S partition (i.e., P1 is of 
the correct type), the two nodes connected by the P1 edge 
(Vdd and Y) may be merged thereby eliminating the P1 
edge. The state of the circuit representation at this point is 
depicted in FIG. 7B. Further reduction of the circuit repre 
sentation is achieved after merging of the Vdd and Y nodes 
by removing any edge lying in a loop that has no edges in 
the path from Vdd to GND. As seen in FIG. 7B, the P1, P2, 
and P3 are all part of loops that contain no edges in the Vdd 
to GND path. Thus, each of these edges can be removed 
thereby resulting in the circuit representation of FIG. 7C. 

Following the reduction of the circuit representation, a set 
of feasible inputs for the partial logic state is determined 
(block 412) for a transistor (edge) in the reduced represen 
tation whose input logic value is not de?ned. A feasible input 
is an input that will turn ON a transistor in the reduced 
representation without turning OFF any other transistor in 
the reduced representation. For the current example, a 
feasible assertion is B:1 since this assertion will turn ON N2 
without turning OFF any transistors in the reduced repre 
sentation. 

If a feasible assertion is determined, the partial state is 
updated (block 416) with the feasible input. Thus the partial 
state in the example becomes A:0, B:1 (as illustrated in 
FIG. 7C). After updating the partial state, the circuit repre 
sentation is further reduced by repeating blocks 410 and 412. 
If no feasible inputs are possible following block 412 (i.e., 
the set of feasible inputs is empty as determined in block 
414), all possible states of unknown inputs whose edges 
remain in the circuit representation are enumerated (block 
418) and combined with the known partial state to form a set 
of DLS’s. If A:1 is a partial state and no feasible input for 
B or C is possible, the list of DLS’s would include all states 
where A:1 (i.e., 100, 101, 110, and 111). After enumerating 
values for unknown inputs to generate DLS’s these new 
DLS’s are added to the list of DLS’s for the circuit. If, 
following assertion of a feasible input, the representation is 
fully reduced (ie the circuit representation includes only the 
Vdd node and the GND node), unknown inputs will be left 
unde?ned in the current DLS. In the present example, 
following assertion of the B:1 feasible input, the circuit 
representation is fully reduced thereby leaving the input C in 
an unknown state (as illustrated in FIG. 7D). For this 
example, the DLS is the state 01X. Since the dominant logic 
states of a circuit are the primary contributors to the circuit’s 
leakage, an estimate of the circuit’s leakage can be calcu 
lated by calculating leakage of each dominant logic state. 
One embodiment of the invention contemplates a method 

308 for calculating the leakage current from a model of a 
DCC for a given DLS. FIG. 8 is a ?ow diagram illustrating 
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8 
one embodiment of such a method. Initially, a graphical 
representation (such as the representations depicted in FIG. 
5B and FIG. 7A) of a circuit is constructed in block 802 
(similar to block 408) by replacing transistors with edges 
that connect the source and drain nodes of the transistor. The 
graph is reduced (block 804) according to the known input 
logic values in the DLS. The graph reduction is done in the 
same fashion as described above for block 410. Then, a ?rst 
set of transistors including all the fully leaking transistors is 
determined (block 806). A fully leaking transistor is an OFF 
transistor that is connected between Vdd and GND (i.e., a 
transistor for which Vgs<Vt and VdszVdd). For each tran 
sistor in this ?rst set of transistors, a leakage value is 
calculated (block 808). In one embodiment, the leakage 
value for each transistor in the ?rst set of transistors is 
determined from a lookup table where the lookup table 
contains pre-determined leakage values for various transis 
tor siZes and threshold voltages. In one embodiment, the 
transistor width and Vt are used as inputs to the lookup table 
and the lookup table returns a leakage value. The use of a 
lookup table bene?cially eliminates the need to use formal 
analytical tools to estimate leakage thereby reducing the 
time required to estimate leakage current. As a transistor’s 
leakage is determined from the lookup table, the transistor’s 
corresponding edge is removed from the graph. The leakage 
associated with each fully leaking transistor is added 
together to form an estimate of the leakage current attrib 
utable to the fully leaking transistors. 

After leakage for each of the fully leaking transistors has 
been determined, leakage for the remaining transistors in the 
circuit may be calculated (block 810) using an analytical 
tool such as a Newton-Raphson technique for determining 
the roots of complex equations in order to determine the 
unknown node voltage (V d or Vs) of the remaining transis 
tors. The leakage of each remaining transistor is then deter 
mined from a lookup table where the lookup table contains 
predetermined leakage values for various transistor siZes, 
Vds values, and threshold voltages. The leakage determined 
for each of these remaining transistors is then added to the 
previously determined sum of leakage for the ?rst set of 
transistors to obtain (block 812) an estimate of the total 
leakage for a DLS. Using this technique, an estimate of the 
circuit leakage for each DLS is then determined. 

In the foregoing speci?cation, the invention has been 
described with reference to speci?c embodiments. However, 
one of ordinary skill in the art appreciates that various 
modi?cations and changes can be made without departing 
from the scope of the present invention as set forth in the 
claims below. Accordingly, the speci?cation and ?gures are 
to be regarded in an illustrative rather than a restrictive 
sense, and all such modi?cations are intended to be included 
within the scope of present invention. 

Bene?ts, other advantages, and solutions to problems 
have been described above with regard to speci?c embodi 
ments. However, the bene?ts, advantages, solutions to prob 
lems, and any element(s) that may cause any bene?t, advan 
tage, or solution to occur or become more pronounced are 

not to be construed as a critical, required, or essential feature 
or element of any or all the claims. As used herein, the terms 
“comprises,” “comprising,” or any other variation thereof, 
are intended to cover a non-exclusive inclusion, such that a 

process, method, article, or apparatus that comprises a list of 
elements does not include only those elements but may 
include other elements not expressly listed or inherent to 
such process, method, article, or apparatus. 
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What is claimed is: 
1. A computer implemented method for determining a 

dominant logic state in an integrated circuit, comprising: 
using a representation of the integrated circuit to deter 

mine a ?rst partition and a second partition Wherein the 
?rst partition includes a ?rst poWer supply node and the 
second partition includes a second poWer supply node; 

determining a partial logic state corresponding to the ?rst 
and second partitions; 

modifying the representation according to the partial logic 
state; and 

using the modi?ed representation to determine the domi 
nant logic state. 

2. The method of claim 1, further comprising: 
determining a plurality of partition groups each having 
tWo partitions by iteratively moving at least one node 
From the second partition to the ?rst partition; 

determining a partial logic state corresponding to each of 
the plurality of partition groups; and 

for each partial logic state, modifying the representation 
to determine at least one dominant logic state. 

3. The method of claim 2, Wherein the at least one node 
is not the second poWer supply node. 

4. The method of claim 2, Wherein modifying the repre 
sentation includes at least one of removing edges and 
merging nodes according to knoWn inputs of the partial logic 
state. 

5. The method of claim 2, further comprising determining 
a ?rst set of feasible inputs for each partial logic state, 
Wherein: 

if the ?rst set is empty, enumerating states of the unknown 
inputs Whose edges remain in the representation after 
modifying the representation to determine the at least 
one dominant logic state, and 

if the ?rst set is not empty, updating the partial logic states 
based on the feasible inputs. 

6. The method of claim 5, further comprising: 
if the ?rst set is not empty, modifying the graph repre 

sentation and determining a second set of feasible 
inputs after updating the partial logic states. 

7. The method of claim 5, Wherein enumerating is per 
formed to determine a plurality of dominant logic states. 

8. The method of claim 1, Wherein the dominant logic 
state corresponds to a transistor Within the integrated circuit 
that sees a drain-to-source voltage of the ?rst poWer supply 
When the transistor is o?‘. 

9. The method of claim 1, Wherein the representation is a 
graph representation comprising nodes and edges. 

10. The method of claim 9, Wherein modifying the graph 
representation includes at least one of removing edges and 
merging nodes according to knoWn inputs of the partial 
state. 

11. The method of claim 1, Wherein the integrated circuit 
is a DC-connected component (DCC). 

12. A computer implemented method for determining a 
leakage current of an integrated circuit, comprising: 

partitioning the integrated circuit into at least one DC 
connected component (DCC); 

determining a dominant logic state corresponding to the at 
least one DCC; and 

calculating a leakage current for the at least one DCC 
corresponding to the dominant logic state. 

13. The method of claim 12, Wherein determining is 
further characteriZed as determining a set of dominant logic 
states corresponding to the at least one DCC. 
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14. The method of claim 13, Wherein calculating com 

prises calculating a leakage current corresponding to each 
dominant logic state Within the set of dominant logic states. 

15. The method of claim 12, Wherein the DCC includes at 
least one input, the method further comprising: 

determining a probability corresponding to the at least one 
input; and 

using the probability and the leakage current to calculate 
an average DCC leakage current. 

16. The method of claim 15, Wherein the integrated circuit 
is partitioned into a plurality of DCCs, each DCC including 
at least one input, the method further comprising: 

determining a set of dominant logic states corresponding 
to each of the plurality of DCCs; 

calculating a leakage current corresponding to each domi 
nant logic state Within each set of dominant logic states; 

determining a probability corresponding to the at least one 
input of each DCC; 

using the corresponding probability and the correspond 
ing leakage current to calculate an average DCC leak 
age current for each DCC; and 

calculating an average circuit leakage for the integrated 
circuit using the average DCC leakage currents. 

17. The method of claim 12, Wherein the integrated circuit 
is partitioned into a plurality of DCCs, the method further 
comprising: 

determining a set of dominant logic states corresponding 
to each of the plurality of DCCs; 

calculating a leakage current corresponding to each domi 
nant logic state Within each set of dominant logic states; 
and 

calculating an average circuit leakage for the integrated 
circuit. 

18. The method of claim 12, Wherein: 
the at least one DCC is coupled to a ?rst poWer supply; 

and 
the dominant logic state corresponds to a transistor Within 

the DCC that sees a drain-to-source voltage of the ?rst 
poWer supply When the transistor is off. 

19. The method of claim 12, Wherein determining the 
dominant logic state corresponding to the at least one DCC 
comprises: 

using a representation of the DCC to determine a ?rst 
partition and a second partition Wherein the ?rst parti 
tion includes a ?rst poWer supply node and the second 
partition includes a second poWer supply node; 

determining a partial logic state corresponding to the ?rst 
and second partitions; 

modifying the representation according to the partial logic 
state; and 

using the modi?ed representation to determine the domi 
nant logic state. 

20. The method of claim 12, Wherein calculating the 
leakage current for the at least one DCC corresponding to 
the dominant logic state comprises: 

constructing a graph having nodes and edges according to 
the dominant logic state of the integrated circuit; 

calculating a leakage for each transistor in a ?rst set of 
transistors; 

modifying the graph based on the ?rst set of transistors; 
calculating a leakage for each transistor in a second set of 

transistors; and 
calculating the leakage current for the at least one DCC 

using the leakages for the transistors in the ?rst set of 
transistors and the leakages for the transistors in the 
second set of transistors. 
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21. A computer implemented method of improving per 
formance of an integrated circuit, comprising; 

for each transistor of the integrated circuit having a ?rst 
threshold voltage level, calculating a ?rst value based 
at least in part on delay and leakage corresponding to 
a second threshold voltage level, Wherein calculating 
the ?rst value comprises: 
partitioning the integrated circuit into at least one 

DC-connected component (DCC); 
determining a dominant logic state corresponding to the 

at least one DCC; and 
calculating a leakage current for the at least one DCC 

corresponding to the dominant logic state; 
selecting one of the transistors of the integrated circuit 

based on the ?rst values; 
setting the selected one of the transistors to the second 

threshold voltage level; and 
modifying an area of at least one transistor Within the 

integrated circuit. 
22. The method of claim 21, further comprising deter 

mining a cone of in?uence of the selected one of the 
transistors Wherein the at least one transistor is Within the 
cone of in?uence. 

23. The method of claim 22, Wherein the selected one of 
the transistors and the at least one transistor is a same 
transistor. 

24. The method of claim 22, Wherein modifying includes 
modifying an area of each transistor Within the cone of 
in?uence. 

25. The method of claim 21, further comprising: 
siZing the integrated circuit to a predetermined area after 

modifying the area of the at least one transistor. 
26. The method of claim 25, further comprising deter 

mining a cone of in?uence of the selected one of the 
transistors, Wherein modifying includes modifying an area 
of each transistor Within the cone of in?uence. 

27. The method of claim 25, Wherein the integrated circuit 
has a ?rst area prior to calculating the ?rst values and the 
predetermined area approximately equals the ?rst area. 

28. The method of claim 25, further comprising: 
determining a circuit performance; 
if the circuit performance is beloW a predetermined per 

formance level, repeating calculating the ?rst values, 
selecting one of the transistors, setting the selected one 
of the transistors, modifying the area of the at least one 
transistor, and siZing the integrated circuit. 

29. The method of claim 21, further comprising: 
determining a circuit performance; 
if the circuit performance is beloW a predetermined per 

formance level, repeating calculating the ?rst values, 
selecting one of the transistors, setting the selected one 
of the transistors, and modifying the area of the at least 
one transistor. 

30. An improved integrated circuit manufactured using 
the method of claim 21. 

31. A computer implemented method for calculating a 
leakage current of an integrated circuit, comprising: 

constructing a graph having nodes and edges according to 
a dominant logic state of the integrated circuit; 

calculating a leakage for each transistor in a ?rst set of 
transistors; 

modifying the graph based on the ?rst set of transistors; 
and 

calculating a leakage current for each transistor in a 
second set of transistors. 

32. The method of claim 31, Wherein the integrated circuit 
is a DC-connected component (DCC). 
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33. The method of claim 31, Wherein constructing the 

graph comprises modifying the graph according to a domi 
nant logic state of the integrated circuit. 

34. The method of claim 31, Wherein the ?rst set of 
transistors includes transistors of the integrated circuit that 
are off and are coupled to both a ?rst poWer supply node and 
a ground node. 

35. The method of claim 34, Wherein calculating the 
leakage for each transistor in the ?rst set of transistors is 
performed using a lookup table. 

36. The method of claim 35, Wherein calculating the 
leakage for each transistor in the second set of transistors 
comprises: 

calculating a node voltage; and 
using a lookup table. 
37. The method of claim 31, Wherein modifying the graph 

includes removing from the graph an edge corresponding to 
each of the transistors in the ?rst set of transistors. 

38. The method of claim 31, Wherein the ?rst set of 
transistors and the second set of transistors are mutually 
exclusive. 

39. The method of claim 31, further comprising calculat 
ing a leakage current of the integrated circuit by summing 
the leakages for the transistors in the ?rst set and the 
leakages for the transistors in the second set. 

40. A program stored on a computer readable medium 
including a plurality of computer executable instructions 
Which When executed on a computer performs a process for 
determining a dominant logic state in an integrated circuit, 
the program comprising: 

a ?rst plurality of instructions for receiving a representa 
tion of an integrated circuit; 

a second plurality of instructions for determining a ?rst 
partition and a second partition Wherein the ?rst parti 
tion includes a ?rst poWer supply node and the second 
partition includes a second poWer supply node; 

a third plurality of instructions for determining a partial 
logic state corresponding to the ?rst and second parti 
tions; 

a fourth plurality of instructions for modifying the rep 
resentation according to the partial logic state; and 

a ?fth plurality of instructions for using the modi?ed 
representation to determine the dominant logic state. 

41. A program stored on a computer readable medium 
including a plurality of computer executable instructions 
Which When executed on a computer performs a process for 
determining a leakage current of an integrated circuit, the 
program comprising: 

a ?rst plurality of instructions for partitioning an inte 
grated circuit into at least one DC-connected compo 
nent (DCC); 

a second plurality of instructions for determining a domi 
nant logic state corresponding to the at least one DCC; 
and 

a third plurality of instructions for calculating a leakage 
current for the at least one DCC corresponding to the 
dominant logic state. 

42. A computer readable medium having stored therein a 
program comprising instructions Which When executed on a 
computer perform a process for improving performance of 
an integrated circuit having a plurality of transistors, each of 
the plurality of transistors having a ?rst threshold voltage 
level, comprising: 
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a ?rst plurality of instructions for calculating a ?rst value 
based at least in part On delay and leakage correspond 
ing to a second voltage level for each of the plurality of 
transistors, Wherein calculating the ?rst value com 
prises: 
partitioning the integrated circuit into at least one 

DC-connected component (DCC); 
determining a dominant logic state corresponding to the 

at least one DCC; and 
calculating a leakage current for the at least one DCC 

corresponding to the dominant logic state; 
a second plurality of instructions for selecting one of the 

plurality of transistors based on the ?rst values; 
a third plurality of instructions for setting the selected one 

of the transistors to the second threshold voltage; and 
a fourth plurality of instructions for modifying an area of 

at least one transistor Within the integrated circuit. 
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43. A program stored on a computer readable medium 

including a plurality of computer executable instructions 
Which When executed on a computer performs a process for 
calculating a leakage current of an integrated circuit, the 
program comprising: 

a ?rst plurality of instructions for receiving a graph 
having nodes and edges according to a dominant logic 
state of an integrated circuit; 

a second plurality of instructions for calculating a leakage 
for each transistor in a ?rst set of transistors; 

a third plurality of instructions for modifying the graph 
based on the ?rst set of transistors; and 

a fourth plurality of instructions for calculating a leakage 
current for each transistor in a second set of transistors. 


